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Abstract

Glucocorticoids exert important therapeutic effects on airway
smooth muscle (ASM), yet few direct targets of glucocorticoid
signaling in ASM have been definitively identified. Here, we show
that the transcription factor, Kriippel-like factor 15 (KLF15), is
directly induced by glucocorticoids in primary human ASM, and
that KLF15 represses ASM hypertrophy. We integrated
transcriptome data from KLF15 overexpression with genome-
wide analysis of RNA polymerase (RNAP) II and glucocorticoid
receptor (GR) occupancy to identify phospholipase C delta 1 as
both a KLF15-regulated gene and a novel repressor of ASM
hypertrophy. Our chromatin immunoprecipitation sequencing
data also allowed us to establish numerous direct transcriptional
targets of GR in ASM. Genes with inducible GR occupancy and
putative antiinflammatory properties included IRS2, APPL2,
RAMPI, and MFGES. Surprisingly, we also observed GR
occupancy in the absence of supplemental ligand, including
robust GR binding peaks within the IL11 and LIF loci.

Detection of antibody-GR complexes at these areas was

abrogated by dexamethasone treatment in association with
reduced RNA polymerase II occupancy, suggesting that
noncanonical pathways contribute to cytokine repression by
glucocorticoids in ASM. Through defining GR interactions with
chromatin on a genome-wide basis in ASM, our data also provide
an important resource for future studies of GR in this
therapeutically relevant cell type.
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Clinical Relevance

This study defines new mechanisms of glucocorticoid activity
in airway smooth muscle (ASM) and also establishes the utility
of performing chromatin immunoprecipitation sequencing in
this important cell type. In addition, phospholipase C delta 1 is
identified as novel repressor of ASM hypertrophy in vitro.

Airway smooth muscle (ASM) plays a central
role in asthma pathophysiology (1). ASM
secretes cytokines that perpetuate asthmatic
airway inflammation and can also exhibit
significant structural remodeling and
biomechanical abnormalities that are
directly linked to asthma symptoms (2).

Although evidence indicates that
glucocorticoids, which are central to asthma
treatment, can reduce ASM contractile
responses and cytokine expression (3-5), the
effects of glucocorticoids on reversing
structural remodeling in ASM appear

to be somewhat limited and are

incompletely understood (6, 7). Moreover,
trials have indicated that new treatments
targeting specific Th2 pathways in
asthma, such as IL-5, do not fully
normalize lung function in severe

asthma (8). Consequently, there is an
ongoing need to identify pathways and
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mechanisms that abrogate ASM remodeling,
commonly manifested as increases in cell
size (hypertrophy) and number
(hyperplasia) (9).

Although it is difficult to generate data
pertaining to the molecular effects of
glucocorticoids on human ASM (HASM)
remodeling in vivo, cultured models have
emerged as a valuable tool to study ASM
perturbations that are associated with severe
asthma and to investigate the effects of
glucocorticoids on this crucial cell type (10,
11). Work with this system has defined, in
comparison to normal controls, altered gene
expression in ASM from fatal asthma (12),
which is also reported to exhibit a variety of
persistent phenotypic abnormalities (13).
Studies using cultured HASM have also
established that glucocorticoids induce
canonical glucocorticoid receptor (GR)
signaling in this cell type, encompassing
activation of antiinflammatory genes and
cytokine repression (14). Furthermore,
treatment with glucocorticoids can limit
ASM contractile responses as well as
proliferative and hypertrophic consequences
of exposure to growth factors and cytokines
(15-17). Although a number of mechanisms
have been defined that contribute to the
suppressive effects of glucocorticoids on
ASM phenotype and growth, including a
role for post-transcriptional control in
repressing hypertrophy (17), the activity and
identity of genes that are directly regulated
by GR in abrogating these processes remain
to be fully elucidated.

In many tissues, in addition to
repressing inflammatory signals,
glucocorticoids induce metabolic effects and
structural remodeling, exemplified by well
described effects of glucocorticoids on bone
and skeletal muscle (18, 19). Although
such pathways can be detrimental in
some contexts, we hypothesized that
glucocorticoids regulate similar pathways
in ASM, possibly encompassing novel
repressors of ASM proliferation and
hypertrophy, with potential therapeutic
benefit in the remodeled asthmatic airway.
In pursuing this notion, we previously
identified Kriippel-like factor 15 (KLF15),
implicated in metabolic gene regulation
(20), as a target of glucocorticoid signaling
in ASM (14). We also showed that KLF15
represses ASM proliferation in vitro and
that, in airway epithelial cells, GR and
KLF15 function together to form
feed-forward loops (21), an ancient
regulatory system that is responsible for
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temporal control of stereotyped gene
expression programs, such as cell
differentiation and responses to
environmental stimuli (22). Our work
further implicated the GR-KLF15 feed-
forward loop system as controlling the
expression of approximately 7% of the
glucocorticoid-responsive transcriptome
in vivo, including skeletal muscle metabolic
processes that are required for endurance
exercise and therapeutic properties of
glucocorticoids in treating Duchenne
muscular dystrophy (23). However,
whether GR and KLF15 form feed-forward
loops in ASM, and potential therapeutic
effects of GR-KLF15 targets on ASM
remodeling, have yet to be determined. In
this study, we address these areas by
applying chromatin immunoprecipitation
(ChIP) and reporter assays to determine
whether KLF15 is directly induced by

GR in ASM. To comprehensively identify
sites of GR regulatory activity and novel
KLF15 targets in ASM, we performed GR
ChIP followed by deep sequencing

(i.e., ChIP-seq) and integrated these findings
with analysis of the KLF15-regulated
transcriptome. We also used adenoviral
transduction to test whether a newly
identified KLF15 target, phospholipase C
delta 1, represses ASM hypertrophy.
Portions of this work have appeared
previously in abstract form (24).

Materials and Methods

Cell Culture and Reagents

All experiments used primary HASM cells
from a donor without asthma (HASM2) that
were derived and cultured as previously
described (25). Details on reagents used in
this study are included in the supplemental
material.

Plasmids, Transfection, and Reporter
Assays

The KLF15 luciferase reporter plasmids
have been described peviously (21), and
existing protocols for transfections and
reporter activity assays were used
throughout (21, 25).

RNA Purification, Quantitative
RT-PCR, and RNA-seq

For quantitative RT-PCR (qRT-PCR)
experiments, HASM2 cells were grown to
confluence on six-well plates, transduced
with adenoviral expression constructs for

KLF15 (Ad-KLF15) or green fluorescent
protein (Ad-GFP) as control for
approximately 17 hours, and then treated
with dexamethasone (dex) or vehicle in
fresh complete medium for 8 hours. RNA
preparation and qRT-PCR were performed
as previously described with normalization
to RPL19 (21). Relative gene expression is
calculated relative to the mean normalized
threshold cycle (Cr) value of Ad-
GFP+vehicle-treated samples. Primer
sequences are listed in Table E1 in the online
supplement. For RNA-seq analysis, cells

in biologic quadruplicate were grown

to confluence on six-well plates, transduced
with Ad-KLFI5 or Ad-GFP for
approximately 17 hours, and then incubated
in fresh complete medium for 4 hours.
Cells were lysed and RNA was initially
purified as for qRT-PCR experiments;
detailed RNA-seq methods are in the
supplementary material. RNA-seq data have
been deposited in Gene Expression
Omnibus (GEO; no. GSE95397).

ChIP-Quantitative PCR and ChIP-seq
For ChIP-quantitative PCR (qPCR) and
ChIP-seq experiments, HASM2 cells were
grown to confluence on three 15-cm plates
per treatment group and treated for 1 hour
with vehicle or dex after 17-hour
incubation with Ad-GFP, Ad-KLF15, or
fresh complete medium (uninfected
controls). Chromatin was then prepared in
biologic quintuplicate as described
previously (21, 25). For ChIP-qPCR,
immunoprecipitation was performed and
relative factor occupancy was calculated as
previously described (21). Primer sequences
used for ChIP-qPCR are listed in Table E1.
For ChIP-seq, library preparation, deep
sequencing, and subsequent analyses were
performed according to our published
workflow (26). ChIP-seq data have been
deposited in GEO (GSE95632).

Western Blotting

For analysis of KLF15 protein induction
by dex, HASM2 cells were grown to
approximately 80% confluence on 10-cm
plates and treated for 24 hours with 1 uM
dex or vehicle in serum-free medium.

To assess effects of Ad-PLCDI on
transforming growth factor (TGF)-
B-mediated induction of a-smooth muscle
actin (a-SMA) protein, cells were seeded on
15-cm plates and grown to approximately
80% confluence before adenoviral
transduction for approximately 17 hours
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and subsequent treatment with TGF-f or
vehicle in fresh complete medium for 96
hours. TGF-B and vehicle treatments were
replaced with fresh preparations after 48
hours. Cells were lysed and total protein
was extracted, separated by SDS-PAGE,
and processed by immunoblotting, as
previously described (25).

Phalloidin Staining, Flow Cytometry,
and Apoptosis Assay

For phalloidin staining, HASM2 cells were
plated at 5,000 cells/well in 48-well plates. Cell
size was additionally analyzed by flow
cytometry using an LSRII flow cytometer (BD
Biosciences, San Jose, CA). For apoptosis
assays, cells were plated on Nunc Lab-Tek
eight-well Permanox plastic chamber slides
(Fisher Scientific, Denver, CO) at 25,000
cells/well. Detailed methods and experimental
procedures for each of these assays are
available in the supplemental material.

Results

KLF15 Is Directly Induced by GR and
Regulates HASM Cell Morphology

Our previous work showed that KLF15 is one
of the most strongly dex-induced targets in
HASM cells, and that it negatively regulates
cell proliferation when overexpressed (14).
We therefore sought to determine the
mechanism of KLFI5 induction by
glucocorticoids in HASM cells and to
explore whether KLF15 modulates other
phenotypic characteristics of HASM cells
that have been reported to be perturbed in
severe asthma, such as cell size. First, based
on data from other cell types (21), we used
ChIP-qPCR to assess GR occupancy at two
putative binding sites within the KLF15
locus in primary HASM cells treated with
vehicle or dex for 1 hour. As shown in
Figure 1A, dex increased GR occupancy at
both of the tested KLFI15 GR binding regions
(GBRs) to a similar extent as the GILZ GBR,
a canonical direct GR target included as a
positive control for ChIP efficiency. Next,
luciferase reporters containing each KLFI5
GBR were transiently transfected into
HASM2 cells. Both reporters exhibited
significant activation in response to 8 hours
of dex (Figure 1B). We then asked whether dex
concordantly regulates KLF15 at the protein
level by treating HASM2 cells for 24 hours
with vehicle or dex and assaying KLF15
expression by Western blotting. Consistent
with our previous work in other airway cell
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types (21), KLF15 protein expression was
markedly induced by dex treatment in HASM2
cells (Figure 1C). Collectively, these findings
demonstrate that KLFI5 is a direct
transcriptional target of GR in HASM.
Glucocorticoids have previously been
shown to abrogate TGF-B-induced ASM
hypertrophy (17), which we corroborated
(Figure E1). To determine whether KLF15
has similar effects on HASM cell
morphology, we used a previously
described adenoviral construct, Ad-KLF15
(27), which drives high levels of KLF15
protein expression (Figure 1D). HASM2
cells were transduced with Ad-GFP
(control) or Ad-KLFI15 for approximately
17 hours before treatment with vehicle or
TGF-B for 96 hours. Cell morphology was
subsequently visualized using a fluorescent
phalloidin conjugate that stains filamentous
actin. Representative fluorescent
microscopy images for each treatment
group are presented in Figure 1E.
Transduction with Ad-KLF15 in vehicle-
treated cells induced a clear visible change
in their appearance, most notably, a
reduction in thickness or caliber (Figure 1E,
compare top left two panels to bottom left
two panels). Treatment with TGF-3
induced the expected hypertrophic
phenotype in Ad-GFP-transduced cells,
characterized by a substantial increase in
cell caliber and altered organization of actin
filaments (Figure 1E, top panels, right two
versus left two), which was completely
prevented by Ad-KLF15 transduction
(Figure 1E, two top right panels versus two
bottom right panels). Measurements of cell
widths in each of the treatment groups, an
approach commonly used to quantify
atrophic effects of glucocorticoids on
cultured skeletal muscle (28), were
consistent with these visual observations
(Figure 1F). FACS-based measurement of
forward and side scatter, a standard
approach to quantify ASM hypertrophy
(29), also showed that transduction with
Ad-KLF15 resulted in reduced cell size in
comparison to GFP control (Figure 1G).
Thus, KLF15 overexpression reduces TGF-
B-mediated increases in cell size, a cardinal
phenotypic feature of ASM remodeling.

Identification of the KLF15-Regulated
Transcriptome in HASM Using
RNA-seq

As a transcription factor, the effects of
KLF15 on HASM cell morphology are likely
to be mediated by downstream genes subject

to transcriptional regulation by KLF15.
Therefore, to identify transcriptional targets
of KLF15 on a genome-wide basis in HASM,
we performed deep sequencing of mRNA
obtained from HASM2 cells transduced with
Ad-GFP or Ad-KLF15 for approximately 17
hours. Differential expression analysis
comparing quadruplicate samples for the
two conditions defined approximately 3,350
genes that were regulated by KLF15
(adjusted P < 0.05) when filtered for twofold
or greater expression change and 30 or
greater average sequencing reads (30). As
shown in Figure 2A, approximately two-
thirds of this subset of KLF15-regulated
genes were induced by KLF15 transduction
(Table E2), whereas one-third were
repressed (Table E3), consistent with the
established activity of KLF15 as both a
transcriptional activator and repressor (21).
Gene ontology analysis of 200 of the most
strongly regulated transcripts (based on
adjusted P value) within gene sets
significantly induced versus repressed by
Ad-KLF15 revealed enrichment for a
number of functional terms, including
metabolic processes within the induced gene
set (Figure 2B). Selected genes with
particularly robust induction or repression
in association with Ad-KLF15 transduction
are listed in Table 1.

ChIP-seq Analysis of GR and RNA
Polymerase Il Occupancy

We have previously shown that genes
induced through GR-KLF15 feed-forward
loops exhibit KLF15-mediated increases in
GR occupancy at associated enhancers and
that the set of genes induced through this
system controls important metabolic
pathways and physiologic effects (21, 23). We
reasoned that, within the set of KLF15-
induced genes in ASM, those in which GR
occupancy is increased by KLF15 might
include novel regulators of ASM
hypertrophy and proliferation. Therefore, to
identify KLF15 targets that are also regulated
through GR signaling, we performed ChIP
with a GR antibody followed by deep
sequencing (i.e., GR ChIP-seq) using
HASM2 cells treated for 1 hour with vehicle
or dex after transduction with Ad-KLF15,
Ad-GFP, or no virus. We also performed
ChIP-seq to analyze RNA polymerase
(RNAP) IT occupancy under the same set of
conditions. For both GR and RNAPII, two
independent ChIP samples from each
condition were subjected to deep
sequencing. Reads were subsequently
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Figure 1. Kruppel-like factor 15 (KLF15) is a direct transcriptional target of glucocorticoid receptor (GR) that regulates human airway smooth muscle
(HASM) cell morphology. (A) Chromatin immunoprecipitation (ChlP)—quantitative PCR (QPCR) analysis of GR occupancy in HASM2 after 1 hour of vehicle
(veh) or dexamethasone (dex) treatment. Bars represent GR occupancy on a log, scale (+SD), expressed as the mean Ct value at each target region
relative to the geometric mean of Ct values at three negative control regions. *P < 0.05 versus vehicle. (B) Luciferase activity of KLF15 reporter
constructs transfected into HASM2 cells before treatment with vehicle or dex for 8 hours. Reporter activity was normalized based on a Renilla luciferase
control and is expressed relative to vehicle-treated cells. Bars indicate means (=SD). *P < 0.05 versus vehicle. (C) Western blot analysis of KLF15 protein
expression in HASM2 cells treated for 24 hours with vehicle or 1 wM dex in serum-free medium. B-actin was used as a loading control. (D) Western
blot confirming KLF15 protein induction after adenoviral KLF15 (Ad-KLF15) transduction. GAPDH served as a loading control. (E) Phalloidin staining of
filamentous actin (F-actin; red) in HASM2 cells transduced with adenoviral constructs expressing green fluorescent protein (GFP) (Ad-GFP; control) or
KLF15 (Ad-KLF15) approximately 17 hours before treatment with vehicle or transforming growth factor (TGF)-g for 96 hours. Nuclei were counterstained
with DAPI (blue). White boxes indicate regions used to quantify cell widths in F. Scale bar: 100 pm. (F) Cell width was defined as the distance between
cell borders at their widest point of separation across the nucleus. Bars show mean cell widths (=SD) from six representative measurements per
treatment. *P < 0.05 versus Ad-GFP+veh; °P < 0.05 versus Ad-GFP+TGF-B. (G) HASM2 cell size after transduction with Ad-GFP or Ad-KLF15
approximately 17 hours before 96-hour treatment with TGF-B was characterized using flow cytometry. Cells were sorted by forward scatter (FSC-W; left)
and side scatter (SSC-W; right) pulse width. GBR, GR binding region.

mapped to the genome, and binding peaks  California, Santa Cruz (UCSC) Genome repress ASM proliferation and hypertrophy,
for both GR and RNAPII under each Browser using the custom track feature. we began our analysis by focusing on the GR
experimental condition were identified with Although the primary goal of these cistrome, which had not previously been
model-based analysis for ChIP-seq (MACS) experiments was to identify novel GR- reported in ASM. Using a false discovery
and visualized in the University of KLF15 feed-forward targets that potentially —rate (FDR) of 0.05, we identified 12,275
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Figure 2. Global analysis of KLF15-regulated transcription in HASM cells using RNA-seq. (A) Pie
chart summarizing differentially expressed genes, defined as those exhibiting twofold or greater
change in expression (adjusted P < 0.05) with Ad-KLF15 compared with Ad-GFP and a minimum
mean read number of 30. (B) The DAVID Gene Ontology Analysis tool was applied to 200 of the top
most strongly regulated transcripts (based on P value) within gene sets significantly induced (feft) or
repressed (right) by Ad-KLF15. We considered clusters with enrichment scores greater than 1 as
significant. Pie charts illustrate distinct categories of significant functional clusters of related gene

ontology terms within each gene set.

peaks exhibiting differential GR occupancy
with dex versus vehicle treatment. To limit
our analysis to sites of easily detectable
dynamic interactions between GR and

chromatin, we filtered for peaks with a
twofold or greater change in GR occupancy
with dex treatment compared with vehicle
and a minimum average of 20 sequencing

Table 1. Selected Highly Expressed and Strongly Kriippel-Like Factor 15-Regulated
Genes Identified by RNA Sequencing in Airway Smooth Muscle

Gene Symbol

CDKN1C
ABAT
LRRC15
MKNK2
PRELP
BMP2

IL6

IL33
SERPINB2

Fold Change (log,) versus Ad-GFP

8.02
7.23
6.34
5.91
5.32
—3.58
—3.49
—3.30
-3.10

Definition of abbreviation: Ad-GFP, adenoviral expression construct for green fluorescent protein.
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reads under at least one of the conditions.
This subset of robust, hormone-regulated
sites of GR occupancy consisted of 7,645
total peaks, of which 6,189 showed dex-
inducible GR occupancy (Table E4),
consistent with the well established role of
glucocorticoids in causing GR nuclear
localization and DNA binding (31).
Visualization of selected GR binding peaks
in conjunction with the RNAPII data
revealed dex-induced GR occupancy and
transcription within canonical GR target loci,
such as FKBP5 and DDIT4 (RTP801)
(Figure 3A). Sites of GR and RNAPII
occupancy were also identified in association
with CRISPLD2 (Figure 3B), which has been
previously implicated in steroid-mediated
cytokine repression in ASM (32), as well as
IRS2 (Figure 3B), an inhibitor of
IL4/IL13-driven allergic lung inflammation
(33), among other putative antiinflammatory
targets (Figure E3). Thus, these ChIP-seq
data can be used to determine whether
specific glucocorticoid-regulated genes are
direct transcriptional targets of GR and to
identify putative sites of GR-regulated
enhancer activity in HASM cells.

Analysis of GR ChIP-seq data in other
cell types has revealed significant central
enrichment for relatively high-affinity GR
binding sites with palindromic or
semipalindromic features (34, 35). Up to
60% of genomic regions associated with GR
occupancy, however, are reported to lack
classical GR binding sequences (34).
Accordingly, GR occupancy is frequently
associated with binding sites for other
transcription factors in a process that is
believed to be a key determinant of cell
type-specific GR activity (34, 35). Therefore,
to determine whether the dex-inducible GR
cistrome in ASM is enriched for binding
sequences for GR or other factors, we
analyzed the subset of high-occupancy peaks
described above using multiple expectation
maximization for motif enrichment
(MEME)-ChIP (36), a web-based tool kit for
identifying putative binding sequences
within ChIP-seq data. As expected, and
supporting the quality of the data,
matches for the canonical GR binding motif
were centrally enriched and were identified
in approximately 75% of the dex-induced
GR peaks. In addition, enrichment for
binding sites for other transcription factor
families, including activator protein-1
(AP-1) and forkhead box (FOX), were
defined (Figure 3C; see supplemental file
E1 for entire MEME-ChIP analysis).
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Figure 3. ChIP sequencing (ChIP-seq) defines genome-wide targets of dex-induced GR and RNA polymerase (RNAP) Il recruitment in HASM cells. (A and B)
GR (red; technical duplicates) and RNAPII (black) ChIP-seq peaks visualized in the University of California, Santa Cruz Genome Browser in vehicle- and dex-
treated HASM2 samples, as indicated on the far left of A. Peak heights reflect normalized factor occupancy (reads per million reads, indicated by the vertical
scale on the left of each panel) at sites within the indicated genomic loci. (A) Dex-induced GR and RNAPII recruitment in HASM2 cells at the FKBP5 and DDIT4
loci, which are canonical GR targets. (B) Examples of directly induced GR targets in HASM with reported suppressive effects in various models of allergic
airway inflammation. (C) Examples of transcription factor binding site logos identified by multiple expectation maximization for motif elicitation (MEME)-ChIP as
enriched within high-occupancy dex-induced GR ChiP-seq peaks. AP1, activator protein-1; DREME, discriminative regular expression motif elicitation; FOS,

fos proto-oncogene; FOX, forkhead box; JUN, Jun proto-oncogene.

Thus, similar to other cell types, GR interacts
with chromatin in ASM through prototypical
GR binding sites and also through engaging
in combinatorial interactions with other
transcription factors.

Although approximately 85% of
dex-regulated GR binding peaks identified
in our ChIP-seq data exhibited increased
occupancy with dex, approximately 15%
(1,456) of peaks had 20 or greater
sequencing counts under basal culture
conditions and exhibited a twofold or
greater decline in GR occupancy with the
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addition of dex (Table E5). Visualization of
such peaks within the LIF and IL11 loci, two
cytokines that are strongly repressed with
dex treatment, and also at the TNFRSF1IB
and PPARD?2 loci, revealed robust GR
occupancy under basal culture conditions
that was curtailed upon exposure to dex
(Figure 4A). Qualitatively similar results
were seen in ChIP-qPCR assays
interrogating GR occupancy in
independent HASM2 samples (Figure 4B).
Marked concomitant reduction in RNAPII
recruitment to the transcriptional start site,

as well as density throughout the body of
each of these genes, was also observed (see
Figure 4A), consistent with our published
HASM microarray data in which mRNA
levels of these genes was reduced after 4
hours of dex treatment (14). In contrast to
the set of dex-induced sites of GR
occupancy, MEME-ChIP analysis of
regions with reduced GR occupancy after
dex treatment did not show enrichment
for the canonical palindromic GR binding
site, whereas enrichment for consensus
binding sites for the AP-1, FOX, and
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Figure 4. ChIP-seq identifies sites of GR occupancy in the absence of supplemental ligand. (A) GR (red; technical duplicates) and RNAPII (black) ChIP-
seq peaks in vehicle- and dex-treated HASM2 cells, as detailed for Figure 3. Shown are representative examples of genes exhibiting robust

antibody recognition of GR and RNAPII in the absence of dex that is reduced upon hormone exposure. (B) Independent validation of GR binding
patterns at regions indicated by red arrows in A via ChIP-gPCR. Bars represent mean (+SD) occupancy on a log, scale, as detailed for Figure 1. *P < 0.05
versus vehicle. (C) Examples of transcription factor binding site logos identified by MEME-ChIP, as enriched within the set of GR ChIP-seq peaks

with reduced occupancy after dex treatment. EGR, early growth response; GLI, GLI family zinc finger; SP1, specificity protein-1.

specificity protein (SP) families, among
others, was observed (Figure 4C; complete
MEME-ChIP analysis of these dex-reduced
sites is in supplemental File E2). Further
support for a functional bifurcation between
sites of GR occupancy that exhibit dex-
mediated increases versus decreases in GR
occupancy was provided by analyzing local
RNAPII occupancy. Whereas average RNAPII
occupancy was increased at greater than 90%
of sites in which dex treatment led to twofold
or greater increase in GR occupancy, average
RNAPII occupancy was decreased at greater
than 70% of sites in which dex treatment
reduced GR occupancy by 50% or more. In
aggregate, these data suggest that GR can
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interact with chromatin through noncanonical
binding sites in the absence of supplemental
ligand. Addition of dex abrogates detection of
antibody-GR complexes at these sites,
frequently in association with reduced
RNAPII occupancy and transcription.

KLF15 Overexpression Alters GR
Occupancy in ASM

Next, we turned our attention to changes in
GR occupancy associated with KLF15
overexpression, which was the underlying
motivation for the ChIP-seq experiments.
Differential binding analysis revealed 2,811
sites with 20 or greater sequencing reads,
where GR occupancy in the presence of dex

was increased twofold or greater in
association with Ad-KLF15 transduction in
comparison to control Ad-GFP (FDR <
0.05). Differential binding analysis also
identified 2,246 such sites that exhibited
twofold or greater decreased GR occupancy
(FDR < 0.05) with Ad-KLF15 transduction.
As KLF15-induced genes have been
implicated in controlling catabolic
processes in other studies (20), we focused
primarily on genes with occupancy patterns
suggesting cooperative induction by GR
and KLF15. This pattern is exemplified

by the AASS locus where increased
recruitment of GR and RNAPII with
combined dex treatment and Ad-KLFI15
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by qRT-PCR (Figure 5C). We also used
ChIP-gPCR to validate the GR ChIP-seq
results at each of these loci, as shown in
Figure 5D. ChIP-qPCR using a GR
antibody raised against a different epitope
(see supplemental material) further
indicated that KLF15 was able to recruit GR
to some sites under basal culture conditions
(Figure 5E), suggesting that GR occupancy
in the absence of supplemental ligand

can be modified by heterologous
transcription factors. Taken together, these
data show that GR occupancy is altered by
KLF15 at thousands of sites across the

genome, including within regulatory
elements for genes that potentially repress
ASM proliferation and hypertrophy.

transduction in comparison to Ad-GFP
control was evident (Figure 5A), consistent
with our findings in airway epithelial cells
(21). Examples of additional loci in which
GR occupancy is increased by KLF15
(Figure 5B) include CDKNIC and CCNGI,
which both repress proliferation in other
cell types (37, 38), and PLCDI, which
encodes the A-1 member of the
phospholipase C family (39) and disrupts
cytoskeletal architecture in cancer cells.
Expression of each of these genes was also
increased by Ad-KLFI5 transduction in
our RNA-seq analysis, which we confirmed

The KLF15 Target, PLCD1, Represses
TGF-B-Induced ASM Hypertrophy
PLCD1 is known to be a target of KLF15 in
the heart in vivo and has also been shown to
reduce actin fiber caliber in cancer cells (21,
39). We were therefore interested in
whether PLCDI1 could influence ASM
hypertrophy. First, we used Western
analysis to verify that PLCD1 protein
expression was increased by Ad-KLFI15
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Figure 5. Ad-KLF15 enhances dex-induced GR and RNAPII recruitment to genes that are putative regulators of HASM phenotype. (A and B) GR (red) and
RNAPII (black) ChIP-seq peaks in control (uninfected) and adenovirus-transduced HASM2 cells treated with vehicle or dex, as indicated on the far left of A.
(A) GR and RNAPII occupancy patterns at AASS, which is an established GR-KLF15 feed-forward loop target. (B) Examples of KLF15-induced genes
(identified by RNA-seq) exhibiting binding patterns consistent with GR-KLF15 feed-forward loop-based regulation. (C) Independent validation of
transcriptional induction of genes in A and B by Ad-KLF15 and/or 8 hours of dex using gPCR. Bars depict mean (=SD) C+ values on a log, scale relative to
Ad-GFP+veh-treated cells. *P < 0.05 versus Ad-GFP+veh; ®P < 0.05 versus Ad-GFP+dex. (D) ChIP-gPCR validation of GR binding patterns at regions
indicated by red arrows in A and B. Bars indicate mean (=SD) GR occupancy on a log, scale. *P < 0.05 versus vehicle; P < 0.05 versus Ad-GFP+dex.
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antibody than in A, B, and D. *P < 0.05 versus vehicle; P < 0.05 versus dex. PLCD1, phospholipase C delta 1.
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(Figure 6A). Next, we generated an
adenoviral expression vector for PLCD1
(Ad-PLCD1), and determined that
transduction of ASM with Ad-PLCDI led
to increased PLCD1 protein levels
(Figure 6B). We then tested whether
PLCD1 overexpression alters ASM
hypertrophy by transducing cells with
Ad-PLCDI or Ad-GFP control
approximately 17 hours before treatment
with TGF-B or vehicle for 96 hours.
Phalloidin staining was used to visualize
the actin cytoskeleton, which revealed

an obvious reduction in cell caliber
associated with Ad-PLCDI transduction
(Figure 6C). Quantification of mean cell
widths confirmed the visually identified
differences in cellular morphology

(Figure 6D), which did not appear to be a
consequence of apoptosis (Figure E2).
These findings were further corroborated
using FACS-based measurement of forward
and side scatter (Figure 6E). Moreover,
analysis of a-SMA protein showed that Ad-
PLCDI transduction abrogated the
inductive effect of TGF-B on a-SMA

expression observed in Ad-GFP-
transduced cells (Figure 6F). Taken
together, these data define PLCD1 as a
novel repressor of TGF-B-mediated ASM
hypertrophy.

Discussion

ASM abnormalities, including excessive
cytokine production and pathologic
remodeling, are implicated in contributing
to severe and steroid-refractory asthma.
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Figure 6. PLCD1 is a KLF15 target in HASM that prevents TGF-B-mediated hypertrophy. (A) Western blot analysis of PLCD1 protein expression in
HASM2 cells transduced with Ad-GFP or Ad-KLF15 approximately 17 hours before 24 hours of vehicle or dex exposure. (B) Verification of PLCD1
induction by Western blotting after approximately 17-hour incubation with Ad-PLCD1 followed by approximately 72-hour recovery in fresh complete
medium. (C) Phalloidin staining of F-actin (red) in HASM2 cells transduced with Ad-GFP or Ad-PLCD1 constructs approximately 17 hours before treatment
with vehicle or TGF-B for 96 hours. White boxes highlight regions used for quantification of cell widths in D. Scale bar: 100 pm. (D) Mean cell widths (+=SD),
calculated as described for Figure 1. *P < 0.05 versus Ad-GFP+veh; P < 0.05 versus Ad-GFP+TGF-B. (E) HASM2 cell size after transduction with
Ad-GFP or Ad-PLCD1 approximately 17 hours before 96-hour treatment with TGF-B was characterized using flow cytometry. Cells were sorted according
to FSC-W (left) and SSC-W (right) pulse width. (F) Western blot analysis of a-smooth muscle actin (a-SMA) protein expression in cells treated as
described for C. GAPDH was used as a loading control.
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However, few primary targets of GR
signaling and genomic sites of GR-directed
regulatory activity in ASM had been
unequivocally defined in past studies. Here,
we used a combination of ChIP and reporter
assays to prove that KLF15 is directly
induced by GR in ASM. Through
integrating GR ChIP-seq data with the
effects of KLF15 overexpression on both GR
occupancy and the ASM transcriptome, we
identified the KLF15 target, PLCD1, as a
novel repressor of ASM hypertrophy. Our
GR ChIP-seq data also comprehensively
delineate sites of GR regulatory activity in
ASM, thus defining novel antiinflammatory
mechanisms and pathways.

Despite the importance of ASM in
asthma pathogenesis and as a target of
glucocorticoid-based therapies, interactions
between GR and chromatin had not
previously been defined on a genome-wide
basis in ASM. Thus, our ChIP-seq data
provide important new insights into
mechanisms that underpin GR activity in
this therapeutically relevant cell type. For
example, our data defined inducible GR
binding peaks associated with IRS2
(Figure 3B), which was recently implicated
as an inhibitor of allergic lung
inflammation (33). Robustly inducible GR
occupancy was also observed within the
CRISPLD2, MFGES, RAMPI, and APPL2
loci (Figure 3B and Figure E3), each of
which has antiinflammatory properties in
other biologic contexts (40-42). It will be of
interest to determine whether GR
occupancy or expression of these genes is
altered in ASM cells derived from patients
that have succumbed to fatal asthma.
Although technically challenging,
determining whether GR occupies similar
binding sites in material obtained directly
from patients would aid in generalizing
our data to the clinical effects of
glucocorticoids. In that regard, the SYNPO2
and FAMI129A loci, which have previously
been identified as responsive to
glucocorticoids in patient samples (43),
exhibit numerous sites of GR occupancy in
our ChIP-seq data, including several inducible
GBRs (Table E4). To aid in future studies of
GR signaling in ASM, the ChIP-seq data we
generated have been deposited in the GEO,
and custom tracks within the UCSC Genome
Browser will be made available upon request.

Our data showed evident GR
occupancy at sites throughout the genome
in the absence of supplemental ligand. In a
number of cases, significant associations

Sasse, Kadiyala, Danhorn, et al.: PLCD1 Represses Airway Smooth Muscle Hypertrophy

between GR and chromatin, visualized as
peaks within the UCSC Genome Browser
(e.g., see Figure 4), were found in
presumptive regulatory regions for
cytokines. These peaks were lost after 1
hour of dex treatment, along with
concomitant declines in RNAPII
occupancy. We have previously reported
significant GR occupancy in the absence of
supplemental hormone in different cell
types (26), and nuclear GR in ASM under
basal culture conditions has also been
reported (44). Moreover, a recent study
reported that a subset of regulatory regions
for inflammatory genes, frequently in
association with signal transducer and
activator of transcription (STAT) family
binding sequences, exhibited monomeric
GR occupancy in murine liver that was
reduced after systemic administration of
dex (45). We found no enrichment for
canonical dimeric GR binding sites within
the sequences in which GR occupancy was
reduced by dex in ASM, suggesting that
these peaks also represent occupancy by
monomeric GR (46). Whereas recruitment
of corepressors by tethered monomeric GR
has long been implicated in repressive
effects of glucocorticoids (47), the data
from our work and others suggests a
distinct mechanism in which monomeric
GR functions as an activator at specific loci
in concert with other transcription factors,
potentially including the STAT family in
murine liver and the AP-1 and FOX
families in ASM. In both cellular contexts,
transcriptional enhancement mediated by
monomeric GR at selected genomic loci
appears to be abrogated by GR interacting
with supplemental glucocorticoids. This
could occur though a ligand-induced
conformational change in GR, which

is the accepted mechanistic basis for
glucocorticoid-induced nuclear
translocation of cytoplasmic GR (34). In
that regard, although our data are most
consistent with ligand-induced loss of GR
occupancy at certain sites, the ChIP assay
does not directly measure associations
between a specific transcription factor and
chromatin, but instead identifies and
quantifies antibody interactions with
protein-DNA complexes. It is thus formally
possible that the GR antibody we employed
recognizes a non-GR protein that responds
dynamically to dex treatment. Alternatively,
upon the addition of dex, GR may not
evacuate occupancy sites, but, instead, dex
may induce GR to adopt a conformation

that is less recognized by the antibody
within the context of loci (e.g., LIF and
IL11) that exhibit declines in GR peak size
with dex treatment. Additional studies are
clearly needed to fully elucidate the
significance of presumptive GR occupancy
in the absence of supplemental hormone
and the contribution of these
GR-chromatin interactions to gene
regulation in ASM.

In addition to uncovering genomic sites
of GR action in ASM with and without dex
treatment, we performed GR ChIP-seq
analysis in the setting of KLF15
overexpression to determine whether KLF15
can modulate GR binding patterns in ASM,
as we have observed in other cell types. Our
data show that KLF15 overexpression
dramatically altered GR occupancy on a
genome-wide basis, with a roughly equal
number of sites exhibiting significant
increases compared with decreases in GR
occupancy associated with KLF15
expression. This is concordant with our
published work using KIf15 knockout mice
in which KLF15 influenced the expression
of approximately 7% of GR-regulated genes
through enhancing or repressing GR
activity, depending on the genomic context.
Whereas we have shown previously that GR
and KLF15 physically associate (48), the
molecular basis for KLF15 selectively
enhancing or reducing GR occupancy at
specific loci, and the role of GR interactions
with ligand in this process, remain to be
determined. Future studies are also needed to
characterize alterations in GR occupancy in
ASM that occur in the context of physiologic
changes in KLF15 expression in ASM.

Although there are limitations in
applying overexpression to define
physiologically germane pathways, through
integrating ChIP-seq and RNA-seq data
generated after transduction with Ad-
KLF15, we identified PLCDI as a KLF15-
induced gene in ASM, the promoter of
which exhibited increases in GR occupancy
with KLF15 overexpression. We chose to
further investigate the effect of PLCD1 on
ASM hypertrophy, as public expression
data from KIf15 knockout mice suggest that
KLF15 regulates PLCD1 in vivo, and
PLCDI1 mRNA was increased in ASM after
24 hours of dex treatment in our published
microarray data; moreover, it had been
previously shown in other cell types that
PLCD1 decreases the cofilin:phosphocofilin
ratio (39), which can influence actin
polymerization (49). Similar to effects
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observed with transduction of KLF15,
overexpression of PLCD1 altered ASM
cytoskeletal architecture, as manifested by a
decrease in cell size. This was associated
with a pronounced reduction in TGF-
B-induced a-SMA expression, a marker of
hypertrophy. Manipulating the actin
cytoskeleton has been previously proposed
as a therapeutic strategy for treating ASM
abnormalities in asthma (50), and our data
implicate augmentation of PLCD1 activity,
either through or independently of the
GR-KLF15 pathway, as a potential tactic in
this approach. In that regard, knockdown
of PLCD1 did not appear to prevent the
repressive effect of KLF15 on a-SMA
expression (Figure E4), suggesting
redundancy, compensation, or that PLCD1
is not directly responsible for
glucocorticoid- or KLF15-mediated
repression of ASM hypertrophy. Additional
experiments are needed to definitively
determine the mechanistic basis for the
effects of PLCD1 on ASM hypertrophy, the

role of PLCDI in mediating downstream
effects of GR and KLF15, and whether
PLCD1 can repress ASM hypertrophy

in vivo.

Despite decades of efforts to improve
corticosteroid-based therapies through
combatting resistance or developing
selective ligands (47), clinical successes
have been largely limited to improved
pharmacokinetic profiles, localized delivery
systems, and enhanced potency. It is thus
noteworthy that most of the accepted
mechanisms believed to underpin both
efficacy of glucocorticoids and resistance
in airway disease were developed without
the benefit of deep sequencing-based
genomics methodology, which has proven
capable of defining new therapeutic
targets and mechanisms in many other
disease contexts. In this work, we used
ChlIP-seq and transcriptome profiling to
uncover a potential role for PLCD1 in
repressing ASM hypertrophy. Our data
also highlight numerous new inductive

pathways and targets through which
glucocorticoids may exert antiinflammatory
effects. In addition, our data suggest

that nuclear localization of GR in the
absence of supplemental ligand has an
important biologic role in this cell type.
Additional validation of these ASM
pathways and their mechanistic
underpinnings may aid in defining a new
set of pharmacologic targets for steroid-
resistant asthma. Hl
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